At each temperature, the stability constants of the cation-cation complex were found to increase as the ionic strength was increased. The specific ion interaction approach (SIT) was used to obtain the stability constants at infinite dilution and variable temperatures.
Cation-Cation Interactions between NpO
In solids, ineractions of NpO 2 + with a number of cations through its "axial" oxygens were identifed in crystal structures. [15] [16] [17] [18] [19] The interest in the cation-cation interactions involving NpO 2 + has been stimulated in recent years, due to the importance of such interactions at both the fundaental and applied leveles, as well as the scarcity of the data concerning the thermodynamics and strucure of the cation-cation complexes that results in many questions remaining to be answered. At the fundamental level, the stability constants of the NpO 2 + cation-cation complexes are scarce and scattered (Table 1 ). The enthalpy of complexation for the NpO 2 + cation-cation complexes has never been directly measured. The only value of entahlpy of complexation for the NpO 2 + ⋅UO 2 2+ complex, obtained by fitting the stability constants in a narrow temperature range, seems to be problematic because it implies that the NpO 2 + cation-cation complex is of outer-sphere nature and contradicts to the observed slow kinetics of the formation of such complexes. Despite that a number of experimental 6, 7, 13, 14 and computational 20 attemps were made, the coordination mode(s) and the nature of the cation-cation interactions in solutions remain unclear. It has also been found that cation-cation interactions affect the behavior of NpO 2 + in redox reactions and separation processes. 21, 22 Such effects could have significan implications at the applied level, because neptunium is an important and yet problematic element in the reprocesing of the used nuclear fuel. For example, pentavlent neptunium, Np(V), is known to be nonextractable in the separation processes using tributyl phosphate as the extractant so that clean separation of Np(V) from urnaium and plutonium is expected. However, a portion of neptunium is always found to be associated with the uranium or pltonium streams in the process. It is an interesting and important question whether the formation of Np(V) cation-cation complexes and its effect on the redox properties of Np(V) could be responsible for such unexpected behavior of neptunium in the separation process. ) and Mg(NO 3 ) 2 . This solution was titrated with a solution of UO 2 (NO 3 ) 2 at the same ionic strength. The absorption spectra in the wavelength region of 950 to 1050 nm were collected on a Varian Cary-6000i spectrophotometer, using 10 mm quartz cells. The temperature of the samples was maintained at a constant level (± 0.1 o C) by a Peltier temperature controller. An external constant-temperature water bath was used to pre-equilibrate the samples at the required temperature before they were placed in the sample holders. Multiple titrations were conducted. For each titration, n additions were made (usually n = 40 -50), resulting in n experimental values of the heat generated in the reaction cell (Q ex,j , where j = 1 to n). These values were corrected for the heat of dilution of the titrant (Q dil,j ), which was determined in the separate runs. The net reaction heat at the j-th point (Q r,j ) was obtained from the difference: The absorption spectra of representative spectrophotometric titrations at 298.15 K and 343.15 K are shown in Fig.1 . As the concentration of U(VI) was increased, the intensity of the absorption peak of free Np(V) at 980.5 nm decreased and a new peak appeared at ~ 992 nm and its intensity increased. Fig.2 shows the thermogram of a representative calorimetric titration (upper figure) and the stepwise reaction heat, Q r,j , of two titrtions and the corresponding speciation of Np(V) in the titration (lowere figure) . Fitting the data of Q r,j in conjunction with the stability constant of (NpO 2 ·UO 2 ) 3+ determined by spectrophotometry in this work, the enthalpy of complexation for (NpO 2 ·UO 2 ) 3+ was determined to be (4.2 ± 1.6) kJ·mol -1 at 298.15 K and the ionic strength of 4.5 mol·dm -3 (Table 2 ). This is the first enthapy data for the cation-cation (NpO 2 ·UO 2 ) 3+ complex that have been directly determined by microcalorimetry. In the calculation, the contribution of the complexation of U(VI) with nitrate to the observed reaction heat was taken into consideration by using the enthalpy of complexation of UO 2 (NO 3 ) + at 298.15 K from the literature (ΔH = 3.9 ± 0.5 kJ⋅mol -1 ).
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Discussion
Effect of temperature
To allow the comparison of stability constants at different temperatures and the extrapolation of stability constants to infinite dilution with the Specific Ion Interaction Approach (SIT), the constants in molarity should be converted to those in molality according to equation (2) .
28,29 log 10 β m = log 10 β M + ∑ r ν r log 10 ϑ where β m and β M are the stability constants in molality and molarity, respectively, and ∑ r ν r is the sum of stoichiometric coefficients of the reaction. ν r is positive for products and negative for reactants. Table 2 . Table 2 indicate that, at a constant ionic strength, the stability of the (NpO 2 ⋅UO 2 ) 3+ complex increases as the temperature is increased. A van't Hoff plot of log 10 β m vs. 1/T was shown in Fig.3 . The data could be fitted with straight lines. From the slopes of the linear fits (weighted by the uncertainties), the "average" enthalpies of complexation for ( ) is in excellent agreement with the value from the van't Hoff plot. These data unequivocally indcate that the formation of the (NpO 2 ⋅UO 2 ) 3+ complex in the nitrate media is an endothermic reaction and the complexation is enhanced at higher temperatures. 9, 12 Besides, the strong perturbations of the UV-Vis-NIR absorption, Raman, IR and NMR spectra caused by the cation-cation interactions, observed in previous studies 1, 3, 5, 7, 9 as well as this work, support the hypothesis of inner-sphere complexation. However, thermodynamic parameters (ΔH and ΔS) for (NpO 2 ⋅UO 2 ) 3+ that have been reported until now 4 contradict this hypothesis. Usually, inner-sphere complexation is associated with endothermic enthalpy and positive entropy, 30,31 because a significant amount of energy is spent on the de-solvation of the metal ion and the ligand, and the degree of disorder is increased due to the release of solvent molecules from the highly ordered solvation shell(s) into the bulk. On the othe hand, outer-sphere complexation is often associated with exothermic enthalpy and negative entropy, because the primary solvation sphere is minimally perturbed, little energy is spent on desolvation, and little disordering occurs. In contrast to the previous results of negative enthalpy (-12 kJ·mol -1 ) and negative entropy (-34 J·mol The SIT (Specific Ion Interaction Theory) approach, which originated from the Brønsted-Guggenheim-Scatchard model, [32] [33] [34] is usually used to calculate the equilibrium constant at zero ionic strength from the data at different ionic strengths up to 4 -5 mol·kg -1 . For reaction (1), the equilibrium constant at infinite dilution (log 10 β°) is related to log 10 β m at the ionic strength of I m by equation (3):
where It is reasonable to assume that the extrapolated equilibrium constants at I m = 0 are more precise if sufficient data at low ionic strengths (e.g., 0.01 to 0.1 mol·kg -1 ) are available. 28, 29 However, it 85 is impossible to obtain the equilbrium data for reaction (1) From the slopes of the linear fits in Fig.4 , the values of ∆ε for reaction (1) were calculated to be -(0.087 ± 0.010), -(0.077 ± 0.011), -(0.081 ± 0.011), -(0.091 ± 0.010), -(0.076 ± 0.013) and -(0.094 ± 0.014) Methods: LIPAS -laser-induced photoacoustic spectroscopy, sp-spectrophotometry, HEXS -high-energy X-ray scattering. 
